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The magnetic-field-induced transition from a simple expansion to a double layer is experimentally
investigated in an argon low pressure radio frequency helicon source plasma. When the magnetic
field is increased from 30 to 140 G in the plasma source, an abrupt increase in the plasma density
and upstream potential is measured at 50 G. In the downstream plasma, the plasma density and
potential show a small decrease with increasing magnetic field and no abrupt change. When the
upstream jump is measured, simultaneous measurements in the downstream plasma show an ion
beam characteristic of a double layer near the source exit. © 2007 American Institute of Physics.
DOI: 10.1063/1.2814877
Particle acceleration in magnetized expanding plasmas
has been widely studied both in space and in laboratory plas-
mas. In space, ion heating and acceleration in the diverging
magnetic field of coronal funnels at the surface of the sun has
been measured by spectroscopy1 and ion and electron beams
accelerated by magnetic-field-aligned electric fields called
electric double layers DLs have been measured in the au-
roral cavity using electric probes on satellites.2 In the labo-
ratory, ion acceleration downstream of low pressure high
density magnetized plasma sources has been measured using
energy analyzers and laser induced fluorescence without3 and
with4,5 an applied dc magnetic field in the source. The appli-
cation of these phenomena to electric propulsion has been
recently proposed.6 Except for strongly electronegative
plasmas,7 double layers in low pressure, radio frequency rf
generated expanding plasmas have been associated with the
presence of a diverging magnetic field.6,8–10 However, the
role of the magnetic field remains unclear and its detailed
investigation is of importance for the further development of
DL models11 and of plasma detachment studies.12
The previously described13 Chi-Kung experimental setup
is shown in Fig. 1. The system is pumped down to a base
pressure of 210−6 Torr using a turbomolecular/rotary
pumping system. The source consists of a Pyrex tube sur-
rounded by a double-saddle field rf antenna extending be-
tween z=3 cm and z=21 cm z is the reactor’s axis and
z=30 cm is the source/chamber interface and fed from a rf
matching network/generator system operating at 13.56 MHz.
Surrounding the tube and antenna, two solenoids centered at
z=3 cm 740 turns and z=21 cm 700 turns, respectively,
are used to create a divergent magnetic field near the source
exit; in this study the solenoids are fed by equal currents and
this “solenoid current” is the parameter used for triggering
and diagnosing the DL formation.
Three electric probes inserted via ports on the chamber
back plate are used to characterize the plasma. A rf-
compensated 3-mm-long 0.25-mm-diam cylindrical Lang-
muir probe CP previously described14,15 is placed perpen-
dicularly to the axis at z=17 cm, i.e., about 8 cm upstream of
the DL to measure the plasma density, plasma potential, and
electron temperature. A non-rf compensated 2-mm-diam pla-
nar Langmuir probe LP is used to measure the plasma den-
sity along the z axis probe tip perpendicular to the axis and
a grounded retarding field energy analyzer RFEA placed at
z=37.5 cm with the collection aperture facing the source
measures the ion energy distribution function IEDF down-
stream of the DL, using a deconvolution method previously
described.13 For the DL case, a 0.63 cm in diameter optical
periscope somewhat smaller than that described in Ref. 16
looking radially with an acceptance angle of ±5°, which can
move freely inside a 1-cm-diam 70-cm-long Pyrex tube, is
inserted along the axis via the chamber end plate. The optical
emission signal of the 811.5 nm argon I line detected with a
monochromator/photomultiplier integrated along a radius is
measured along the axis and compared to the LP results.
Shown in Fig. 2 are axial measurements of the plasma
density near the source center at z=17 cm and at the source/
chamber interface z=30 cm for increasing solenoid current
with a rf power of 400 W and a pressure of 0.3 mTorr. The
density is derived from the planar LP ion saturation current
probe biased at −54 V using an electron temperature of
8 eV previously measured in the source for a pressure of
0.3 mTorr.6,14,15 The density at z=17 cm is also measured
using the compensated probe, also in ion saturation mode
filled triangles in Fig. 2. Below solenoid currents of 2 A,
n17 and n30 are very similar and both are close to
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FIG. 1. Schematic of the Chi-Kung plasma source 31 cm by 13.7 cm and
grounded chamber 31.8 cm by 29.4 cm showing probes.
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51010 cm−3. For solenoid currents between 2 and 2.5 A, a
dramatic increase in n17 by a factor of about 2 to a value of
1011 cm−3 is measured followed by no further increase
when the current is increased from 3 to 6 A. In contrast to
this behavior, the variation in n30 is a gradual decrease by
a factor of about 5 from 51010 cm−3 to 1010 cm−3 when
the current is increased from 1.5 to 6 A. For a current of
6 A, the n17 /n30 ratio is about 7.
Normalized IEDFs measured with the RFEA at 37.5 cm
for increasing solenoid current are shown in Fig. 3 for a
pressure of 0.3 mTorr and a somewhat higher power of
550 W. Below 2 A, a single peaked IEDF at 30 V is ob-
tained, which corresponds to the local plasma potential at the
RFEA on-axis position. Since the RFEA is grounded, the
peak at 30 V corresponds to ions falling through the sheath
at the entrance of the analyzer and reflects nearly zero energy
of these ions at z=37.5 cm. Above 2.4 A, a second peak at
higher energy 35–50 V is measured in addition to the low
energy peak 25–30 V. This high energy peak is a well
defined ion beam for solenoid currents above 3.5 A. Both the
ion beam energy and current increase with increasing sole-
noid current. The ion beam is the marker for the formation of
a double layer near the exit of the source and corresponds to
acceleration by the DL potential drop of the ions formed
upstream of the DL, i.e., near the source center.6,15
The plasma potential Vp obtained at z=17 cm using the
maximum in the first and the zero crossing in the second
derivative of the rf-compensated Langmuir probe current-
voltage characteristic is shown by circles and crosses in Fig.
3, respectively. For all solenoid currents, the upper energy
threshold 0.1 in the color scale in the IEDF tracks the
plasma potential: above the transition at 2.5 A, the upper
energy threshold corresponds to the fastest ions within the
ion beam, about 10 V higher than the flux peak in the beam
energy. The mean peak flux beam energy corresponds to
the plasma potential at the upstream edge of the double layer
z25 cm: higher energy ions within the beam come fur-
ther upstream typically for z values from 17 to 25 cm but
their number is less due to ion-neutral collisions between
where they were created and where they were detected. At a
pressure of 0.3 mTorr for argon, the mean free path is about
8 cm.
Figure 3 shows that the difference in plasma potential
between z=17 cm and z=37.5 cm is greatest for 6 A and is
likely related to the corresponding maximum in density dif-
ference between z=17 cm and z=30 cm measured for 6 A
Fig. 2. To further investigate the effect of the rf antenna
geometry and magnetic field structure, the density is mea-
sured along the source axis for magnetic field strengths be-
fore 2 A and after 4 and 6 A the transition and the results
are shown in Fig. 4, respectively. The Bz component of the
magnetic field is plotted in Fig. 4 for the 6 A case the shape
is conserved for the 2 and 4 A cases. For a current of 2 A,
i.e., before the transition to a DL containing plasma, the den-
sity is maximum at about z=20 cm and above the transition
4 and 6 A cases, the density is maximum in the region
corresponding to the middle of the rf antenna at z=12 cm, a
region which also corresponds to the magnetic field mini-
mum between the two maxima at z=3 cm and z=21 cm.
The pretransition plasma appears little affected by the
presence or position of the magnetic field or the rf antenna
and the plasma densities in the source and diffusion chamber
are similar. After the transition, the source plasma density
dramatically increases while the downstream plasma gently
decreases in density. For such an increase in density to occur
without a change in rf power, the upstream loss rate must
have decreased by a factor corresponding to the increase in
density. As the transition appears to be provoked by the in-
creasing magnetic field, it is likely that loss of plasma to the
source walls has somehow been decreased. The present re-
sults suggest that there are two distinct regions, a region of
FIG. 2. Plasma density vs solenoid current measured at
z=17 cm with the LP open triangles and the CP solid triangles and at
z=30 cm with the LP open circles; the operating conditions are an argon
pressure of 0.3 mTorr and a rf power of 400 W.
FIG. 3. Color online Normalized IEDF color bar vs solenoid current
measured with the RFEA positioned at z=37.5 cm and plasma potential vs
solenoid current obtained with the CP positioned at z=17 cm from the first
derivative filled red circles and from the zero crossing in the second de-
rivative red crosses; same operating conditions as in Fig. 2 except for a
higher rf power of 550 W for the RFEA measurements. The change from
400 to 550 W only induces an increase of the signal on the RFEA collector.
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ionization and a probably narrow region of acceleration.
This has not been considered in associated theoretical
studies.11,17
The cross field diffusion for these low magnetized plas-
mas is generally dominated by the ion drifts. At z=12 cm,
between the two solenoids, the measured Bz’s are 40, 77, and
114 G for the 2, 4, and 6 A cases, respectively, yielding a
Larmour radius for the ions of 7.2, 3.7, and 2.5 cm, respec-
tively. A previously measured ion temperature of 0.2 eV in
the source is used for the ion Larmour radius calculation.18
The start of the transition in the upstream density shown in
Fig. 2 corresponds to a solenoid current of 2 A, i.e., to an ion
Larmour radius close to 7 cm in the rf antenna region, a
value similar to the inner source tube radius of 6.85 cm.
Above the transition, the ion Larmour radius becomes
smaller than the inner tube radius, reducing the radial loss
rate to the source walls and resulting in an increase in central
density and, more importantly, for the formation of the
double layer, an increase of the density gradient from the
source center to the open end of the source. Before the tran-
sition, the density n17 is lower, the maximum density is
located at about z=20 cm, the density gradient from the
maximum in density to the exit of the source is less and no
ion beam is observed.
Optical measurements with the periscope are carried out
for the standard DL parameters 250 W, 0.3 mTorr, and 6 A
previously reported13 using the 811 nm argon line and the
results normalized at z=12 cm for the 400 W case and plot-
ted as solid triangles in Fig. 4. The results are very similar to
the density measurements made by the Langmuir probe
which is to be expected from the simple model assuming
direct excitation from the neutral ground state: IArIne
n0 fTe, where IArI is the intensity of the 811 nm
argon line, ne is the plasma density, n0 is the neutral density,
and fTe is a complicated function of the electron energy
distribution function involving atomic transition processes.
Interestingly, the optical results start diverging from the
Langmuir probe results at about z=25 cm the DL position
and the flat response of the periscope from z28 cm to
z38 cm corresponds to the region of maximum beam in-
tensity. It has been previously shown that at z=45 cm, the
beam intensity is low as a result of ion-neutral charge ex-
change collisions.13
In summary, this experimental study demonstrates that a
sufficient axial magnetic field will trigger the formation of a
double layer in a low pressure expanding plasma. This
results in an increased density in the plasma source and,
hence, an increased density gradient at the exit of the plasma
source which leads to the formation of a double layer and
ion beam. For the present source geometry this can be
achieved by applying a minimum magnetic field of about
50 G in the source. Above the magnetic-field-induced transi-
tion, the plasma density and the plasma potential are maxi-
mum in the center of the source where both the rf antenna
and maximum magnetic field regions are situated. The maxi-
mum energy of the ion beam formed by acceleration in the
double layer correlates well with the large plasma potential
measured near the source center. A possible reason for this
behavior is the magnetic field which reduces the Larmour
radius of the radially diffusing ions until, at the transition, the
Larmour radius is equal to the tube diameter and any further
increase in magnetic field will result in a reduced Larmour
radius and reduced cross field diffusion. The resulting in-
crease in the source density leads to large density and poten-
tial gradients along the axis which are conditions propitious
to the formation of a double layer.
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FIG. 4. Plasma density profiles on axis obtained with the LP for 2 A open
squares, 4 A crosses, and 6 A open circles for a rf power of 400 W;
optical emission signal of the 811 nm argon I line measured with the peri-
scope for 6 A filled triangles for a rf power of 250 W and normalized for
a rf power of 400 W; magnetic field profile Bz solid line measured with the
Hall probe for 6 A; the operating pressure is 0.3 mTorr.
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